ABSTRACT In this paper, a wireless implantable sensor prototype with subcutaneous solar energy harvesting is proposed. To evaluate the performance of a flexible solar panel under skin, ex-vivo experiments are conducted under natural sunlight and artificial light sources. The results show that the solar panel covered by a 3 mm thick porcine flap can output tens of microWatts to a few milliWatts depending on the light conditions. The subcutaneous solar energy harvester is tested on different body parts, which suggests the optimal position for the harvester to implant is between neck and shoulder. A wireless implantable system powered by the subcutaneous energy harvester is presented, which consists of a power management circuit, a temperature sensor, and a Bluetooth low energy module. An application is developed for data visualization on mobile devices, which can be a gateway for future IoT-based healthcare applications. The entire device is embedded in a transparent silicone housing (38 mm × 32 mm × 4 mm), including a 7 mAh rechargeable battery for energy storage. The average power consumption of the implants is about 30 µW in a 10 min operation cycle. With the subcutaneous solar energy harvester, the self-powered operation of the implantable sensor prototype is demonstrated by long-term experimental results. Two worst-case scenarios (no exposure to light and battery depletion) are considered with ex-vivo experiment simulations.
I. INTRODUCTION
With the increase of average human lifespan, chronic diseases are one of the predominant challenges to people's health globally [1] . Many chronic diseases, such as cardiovascular, neurological, and glucose disorders, can be treated or monitored by implanted biomedical devices [2] - [5] . One of the limitations in the development of implantable electronic devices is the power supply, as most of the implants use batteries with finite lifetime [6] . Periodical surgeries for battery replacement will increase patients' physical, psychological, and financial burdens. With the emerging of Internet of Things (IoT) in healthcare monitoring, a continuous power source is necessary to maintain long-term connectivity [7] . Energy harvesting technique is a promising solution to the powering issue of implantable electronics.
Researchers worldwide have proposed several implantable energy harvesting methods using different sources, such as thermal energy, mechanical motion, and radio frequency (RF) energy transfer [6] , [8] , [9] . In [10] , Kim et al. propose a flexible piezoelectric energy harvester, which generates electricity from the contraction and relaxation of a porcine heart. In [11] , Zheng et al. attempt to collect biomechanical energy from a biodegradable triboelectric nanogenerator. However, it is constrained by its susceptibility to humidity and friction. Apart from the aforementioned energy sources, another approach is to convert light that penetrates through human skin into electricity with a photovoltaic (PV) panel. Though human skin and subcutaneous tissues will block some light, there is a transparency window in the near-infrared (NIR) spectrum region where light passes the skin [12] . The work in [13] studies the properties of different silicon and GaAs PV cells within the NIR region, where a 850 nm microscopecompatible LED is used as the light source. Light in the NIR spectrum region is only a portion of the ambient light, thus S. Ayazian et al. attempt to use a 150 W halogen microscope illuminator to power a PV-driven implantable sensor [14] . A batteryless cardiac pacemaker with 3 monocrystalline solar cells is presented in [15] , which demonstrates the real-life application by the in-vivo test in a pig. In [16] , Bereuter et al. study the long-term operation of subcutaneous solar energy harvesting using an optical filter to substitute human skin. The average power harvested is about 67 µW with volunteers wearing the experimental device in their daily life.
The development of implantable biomedical sensors also requires appropriate wireless communication for data transmission [17] , [18] , which further increases power consumption. The work in [10] uses a flexible piezoelectric energy harvester to power a wirelessUSB NL development kit, and successfully switches on and off a light bulb placed 5 meters away. In this paper, a complete implantable sensor prototype with subcutaneous solar energy harvesting and wireless communication is proposed, as shown in Figure 1 . The prototype incorporates a temperature sensor and a Bluetooth low energy (BLE) module in a transparent silicon housing. With the power from a flexible solar panel, it can measure the inner body temperature and send data to a mobile device, which can be a gateway for IoT-based healthcare monitoring. A longterm ex-vivo experiment (including two worst-case scenarios) of the implantable prototype is conducted to demonstrate the feasibility of a wireless implantable sensor design with subcutaneous energy harvesting. The remainder of the paper is organized as follows: Section II presents the electrical properties of a flexible solar panel when covered by a 3 mm thick porcine skin flap under different ambient light conditions. In Section III, we compare the performance of the subcutaneous solar energy harvester on the different body parts (wrist, shoulder and neck). The implementation of the prototype's electrical components is described in Section IV. Section V demonstrates the experimental results of the prototype's long-term ex-vivo operation and two worst-case scenarios. The conclusion and future improvement of the work are discussed in the last section.
II. ELECTRICAL PROPERTIES OF A FLEXIBLE SOLAR PANEL UNDER SKIN
Solar energy harvesting has been adopted in many wearable biomedical sensor applications as an alternative to a battery [7] , [19] , [20] . However, the performance of the solar panel in an implantable sensor may be attenuated by the light absorption and scattering due to the skin and subcutaneous tissues. The research in [12] shows that skin has an optical transparency window (650-950 nm) in the NIR spectrum region where light can penetrate. E. Moon et al. propose a special PV cell with high efficiency in the NIR region for subcutaneous infrared energy harvesting, which uses a 850 nm LED as light source. In [14] , a high-power (150 W) halogen microscope illuminator is utilized to power an implantable PV-driven sensor. In an initial work [21] , we have studied the characteristics of a flexible solar panel under a porcine skin when illuminated by different ambient light. The solar panel used in this experiment, SP-37, is an off-the-shelf product from PowerFilm R . Several tests are conducted under different irradiance levels of sunlight and a 24 W bulb to evaluate its performance in real-life situations.
A. NATURAL SUNLIGHT
The electrical properties of the flexible solar panel under direct sunlight when covered by a 3 mm thick (1 mm skin and 2 mm fat) porcine flap are shown in Figure 2 . Different irradiance levels are considered under different weather conditions, e.g. sunny day noon (1000 W/m 2 ), partly cloudy day (450 W/m 2 ), mostly cloudy day (150 W/m 2 ), and mostly It is about 8% to 10% of that when directly illuminated by the lamp, which corresponds to results from the sunlight conditions. In this section, the characteristics of a flexible solar panel covered by a 3 mm thick porcine flap are presented. The ex-vivo experimental results show that the solar panel can output tens of microWatts to a few milliWatts when covered under a porcine flap, depending on the light conditions. Although the power is about 5% to 10% of that when the solar panel is exposed to direct light, it is sufficient to power ultra low-power electronic circuits. A wireless implantable sensor prototype powered by the proposed subcutaneous energy harvester will be described in Section IV.
III. COMPARISON OF SOLAR ENERGY HARVESTING ON DIFFERENT BODY PARTS
The solar energy harvester may have varied performance on different body parts due to the exposure to light. To find an optimal position for solar energy harvesting, the flexible solar panel (covered by a porcine flap) is placed on different body parts (wrist, shoulder and neck), as shown in Figure 4 . However, the light exposed to the harvester may be influenced by lots of other elements (buildings, trees, subject movement, etc.). The following procedures are taken to ensure the results are comparable:
• The experiments are conducted in an open area without other blocking.
• The experiments are conducted on a sunny day (no clouds) and a heavily cloudy day (no direct sunlight).
• The subject walks at a normal speed along a pre-defined track, as shown in Figure 5 . The first experiment is taken on a sunny day noon (no clouds). The flexible solar panel covered by a 3 mm thick porcine flap is placed on a subject's wrist (right), shoulder (right) and neck, respectively. The solar panel is used to charge a 1 F supercapacitor through a power management circuit (will be discussed in Section IV). The subject walks at a normal speed along the track in Figure 5 for 2 cycles, and each cycle takes about 10 minutes. During the experiment the direct sunlight irradiance stays at a steady level, about 950 to 1000 W/m 2 . The supercapacitor's voltage charged by the subcutaneous solar panel is illustrated in Figure 6 . When the subject walks from starting point A to turning point B, the supercapacitor on the neck is in a fast charge period as the neck is exposed to the sunlight almost directly (with a small angle). From point B to point C the neck is in an opposition direction to sunlight, thus the supercapacitor on the neck is in a slow charge period. For the supercapacitor on the right wrist or right shoulder, it is charged slowly from point A to point C because of no direct exposure to sunlight. From point C to point A the neck supercapacitor is charged faster than from B to C but slower than from A to B, as the neck is exposed to sunlight with a large angle. The voltage of the supercapacitor on the right wrist or right shoulder increases quickly from point C to point A due to the exposure to sunlight. Because the wrist is lower and swings more than the shoulder, the supercapacitor on the wrist is charged slower than that on the shoulder by the flexible solar panel under a porcine flap. For the second cycle in Figure 6 , the voltage curves of the supercapactor charged by the subcutaneous solar panel on different body parts repeat a similar pattern, except the supercapacitor on the neck reaches an overcharge protection voltage. Figure 7 shows the experimental results on a heavily cloudy day (the sun is totally blocked by cloud). The irradiance level during the experiment varies from 100 to 200 W/m 2 which is caused by cloud movement. In this experiment there is no distinctive fast or slow charge period of the supercapacitor because there is no direct exposure to sunlight. However, the supercapacitor on the upper body (shoulder and neck) is charged faster than that on the wrist. The explanation is that wrist is less exposed to light due to the shadow of the body and wrist movement. The results in Figure 6 and 7 show that solar energy harvester on the neck outperforms those on the other body parts. However, the power harvested may be affected by many other shadows from the ambient in a reallife situation. Considering the body structure and clothing, the upper body area between the neck and shoulder may be an optimal position for subcutaneous solar energy harvesting.
IV. IMPLEMENTATION OF THE IMPLANTABLE SENSOR PROTOTYPE WITH ENERGY HARVESTING
In this section, an implantable sensor prototype powered by the subcutaneous solar energy harvester is presented. The prototype consists of a power management circuit, a temperature sensor and a wireless communication module. A mobile application for sensor data visualization will also be described. As the power from the subcutaneous solar panel is in the range of microWatts to a few milliWatts (maximum), the power consumption of the prototype needs to be ultra low for long-term operation.
A. POWER MANAGEMENT CIRCUIT
The maximum power point tracking (MPPT) circuit is significant to solar energy harvesting, as the power from a solar panel varies a lot depending on the irradiance level and ambient temperature [22] . In this work, a power manage- 
B. TEMPERATURE SENSOR
Temperature is a vital signal of the human body, and an implantable temperature sensor has potential medical applications such as inner body localized temperature monitoring and heating detection of other implants [24] . A high accuracy (0.1 • C from 37 • C to 39 • C) and low-power (600 µA at 2.7 V to 3.3 V) temperature IC, the MAX30205 from Maxim R , is implemented in this prototype. The MAX30205 is used in its one-shot mode, which sets the sensor to sleep (3.5 µA) most of the time and wakes it up periodically for a temperature measurement (600 µA) in a few milli seconds.
C. WIRELESS COMMUNICATION
Wireless transmission is a critical part in an implantable sensor system, which enables the communication between inner body and outside. However, its relatively high-power consumption raises new challenge to the power system of an implant. The proposed prototype incorporates a professional grade BLE module to transmit the implanted sensor data to a mobile device (a smartphone or tablet). The BLE module, RFD77101, has an on-chip antenna and a built-in microcontroller (ARM Cortex M0) for data processing before transmission. The peak transmission current of RFD77101 is about 8 mA, while its sleep current (with clock running) is less than 4 µA. In this work, a web-based application on the Evothings R platform is developed to display sensor data on a mobile device.
All the electronic components are implemented on a small flexible PCB (33 mm × 27 mm), as shown in Figure 8(a) . The flexible PCB is covered by the aforementioned solar panel, which is folded in half to reduce the size. The entire device is embedded into a transparent silicone rubber housing, which is created using Ecoflex 00-10 from Smooth-On R . The cured rubber housing is soft, but strong and stretchy, as shown in Figure 8(b) . Figure 8 (c) describes the application for the display of the implantable sensor data, which can be run on a smartphone or tablet with Bluetooth 4.0 technology.
D. POWER CONSUMPTION
An implantable sensor needs to be ultra low-power for longterm operation without intervention. The proposed system works at 2.7 V, the minimum voltage of the temperature sensor. Figure 9 demonstrates the current of the entire prototype at different operation mode. Although the peak transmission current of the BLE module is 8 mA, the average working current is between 400 to 500 µA for 5 seconds. This is because data is transmitted once when acknowledged immediately, or maximum three times when no acknowledgement received. The sleep current with clock running is around 7 µA. By calculation, the average power of proposed implantable sensor prototype is 130µW (average 48 µA at 2.7 V) for a 1 minute cycle (sleep for 55 seconds), and 30 µW (average 11 µA at 2.7 V) for a 10 minutes cycle (sleep for 595 seconds).
V. LONG-TERM OPERATION EXPERIMENTS
In section II, the electrical properties of the flexible solar panel under different light conditions are presented. According to the results of the ex-vivo experiments, the output power from the solar panel (under a 3 mm thick porcine flap) varies between 60 µW to 5.5 mW depending on the light source.
In the proposed implantable prototype the flexible solar panel is folded, thus the harvesting power will be approximately half of the results in Section II. It is still sufficient for the proposed low-power sensor prototype, especially under good light conditions (on a sunny day or close to a lamp).
Considering the power consumption and data measurement requirements, the proposed implantable sensor prototype is set to a 10 minutes operation cycle. It sleeps (7 µA) for 595 seconds and wakes up (average 400 to 500 µA) for about 5 seconds to initialize BLE, connect to an end device, measure temperature, send data, and receive acknowledgement. During the wake-up 5 seconds, most of the time it is also set to a low-power mode between different tasks to minimize power consumption. The average power of the 10 minutes operation cycle is about 30 µW (average 11 µA at 2.7 V). According to Figure 2(d) and 3(d) , the maximum harvesting power of the solar panel under a porcine flap is about 5 mW and 1.4 mW when exposed to direct sunlight or close to a 24 W lamp (8 cm away), respectively. As for the proposed subcutaneous energy harvester with a folded solar panel, the power is about half of that from a full solar panel, which is 2.75 mW and 0.7 mW. This means the energy harvested in 1 or 2 hours under good light condition (direct sunlight or close to a lamp light) can provide enough energy for the implantable sensor prototype to work for an entire day. An ex-vivo experiment is conducted to evaluate the long-term performance of the proposed prototype, as shown in Figure 10 . To meet potential worst-case scenarios (will be discussed in next paragraph), a 7 mAh rechargeable battery, VL1220 from Panasonic R , is selected for energy storage. The battery is small in size (∅12 mm × 2 mm) thus can be embedded in the prototype housing in Figure 8(b) . The ex-vivo experiment is carried out with the proposed sensor prototype covered under a 3 mm thick porcine flap. Every day it is illuminated by a 24 W cool daylight fluorescent lamp for 1 hour, after which it is placed in a complete dark box for the rest of the day. As shown in Figure 10 , the proposed prototype successfully works for 12 days under the experimental condition with the battery voltage drops less than 0.2 V. Given better light conditions, such as exposure to direct sunlight or longer time to the lamp, the battery can be expected to stay fully charged.
Considering some potential real-life issues, two worst-case scenarios are simulated with experiments:
(1) No exposure to light A 7 mAh rechargeable battery is selected for energy storage when there is no light exposure for a long period. To make things worse, the implantable sensor prototype is set to a 1 minute operation cycle for relatively high-power consumption 130 µW (average 48 µA at 2.7 V). In this extreme case, the proposed prototype can work for 100 hours only powered by the battery, as shown in Figure 11 . It is less than the theoretical 146 hours (7 mAh / 48 µA), as there is power loss and battery lifetime is shortened by high-power consumption.
(2) Complete battery depletion Another worst-case is when the implanted battery is completely discharged. Experiment shows the battery can be charged from depletion by the subcutaneous energy harvester, which is covered by a 3 mm thick porcine flap. According to Figure 12 , it takes about 24 hours to charge the depleted battery to a high voltage status when illuminated by a 24 W lamp (average current is about 200 µA). This demonstrates that the proposed sensor prototype can be restarted even when battery is depleted.
In Table 1 , the comparison between different implantable biomedical systems with energy harvesting is presented.
VI. CONCLUSION
This paper proposes a subcutaneous solar energy harvester for implantable biomedical devices. The electrical properties of a flexible solar panel under a porcine flap are studied under sunlight and artificial light sources. The output power of the subcutaneous solar panel varies from tens of microWatts to a few milliWatts depending on irradiance levels. An optimal position for the subcutaneous energy harvester is found to be between the neck and shoulder, which is demonstrated by ex-vivo experiments. To evaluate the real-life application of the harvester, a wireless implantable sensor prototype is presented. The prototype incorporates a power management circuit, a temperature sensor, a BLE module and a 7 mAH rechargeable battery, which are all embedded in a transparent silicone housing. The sensor system is set to a 10 minutes operation cycle with power of 30 µW, which can be self-powered by the subcutaneous solar energy harvester. The long-term operation, including two worst-case scenarios (no exposure to light and battery depletion), are demonstrated by ex-vivo experimental results. In the future, the work can be improved by dedicated solar panels that are more suitable for subcutaneous light conditions. The potential flexible supercapacitor can be used to replace the battery, which can further reduce the volume of the implantable prototype.
